Specific 
Introduction
Mechanical properties of coatings are of great importance for predicting their behaviour under loading during exploitation. For a long time this problem was usually limited by application of microhardness measurement results because the coating thickness was too small (typically 10 -1 -10 -3 mm). Effective development of the theory and practice of the indentation technique has given a wide scope for determining mechanical properties of coatings . Besides microhardness, determination of a complete set of mechanical parameters, which is important for entire controlling of the coating resistance to failure, was enabled by the indentation technique. Among them characteristics relevant to evaluation of plasticity properties of coatings are the most helpful. It is notable that excluding the indentation technique no more mechanical tests are capable of evaluating the plasticity for a number of covalent crystals and ceramic materials because of their brittleness. 
where ε e is the elastic deformation.
The theory in [10] states that for indenters of a pyramid shape the total deformation operating over the indentation is defined mainly by the angle γ 1 at the indenter tip, i.e. the angle between the indenter face and its axis. For the Vickers indenter it is as great as 68°:
-ε = ln sin γ 1 ≈ 7.6% (2) According to the model [10] the participation of the elastic deformation, ε e , is given by the equation: A modified theoretical approach [13] was developed to improve the expression for determining the δ H parameter if the contribution of the elastic deformation, ε e , to the total deformation, ε, is the greatest, such as for ceramics and covalent crystals. Compared to the simplified model [10] it was suggested that the law of incompressibility should be applied for calculating the participation of plastic deformation, ε p , rather than for determining the total deformation, ε. Thus, the share of plastic deformation, ε p , has been defined analogous to Eq. (2):
where γ 2 is the angle between the actual indentation face and its axis, γ 2 >γ 1 .
The expression for determining the angle, γ 2 , has been derived in the form: E E ν ν − + − = (7) where indexes 1 and 2 correspond to parameters of the material and diamond indenter, respectively.
Finally, the elastic deformation, ε e , is determined by Eq. (3) similar to the method suggested by the simplified theory [10] whereas the expression for calculating the participation plastic deformation, ε p , has been derived in a modified form [13 ] :
where k is a coefficient, which both for the Vickers indenter and Berkovich pyramid is as high as 0.565.
The advantage of the modified model [13] is a good representation of the total deformation, ε, by means of summarising the shares of elastic, ε e , and plastic deformation, ε p , since they can be determined independently using Eqs. (3) and (8) . This paper aims to justify experimentally the applicability of modern approaches [10, 13] for determining the plasticity characteristic δ H of coatings, which differ substantially from bulk materials by structural non-uniformity and also by the presence of an initial field of residual stresses. Specific features of the test method procedure, which are relevant to the subject matter, will be clarified also.
Experimental
A number of ceramic coatings made of carbides (TiC, ZrC, VC, NbC, Cr 7 C 3 ), TiN-nitrides, silicides (NbSi 2 , TaSi 2 , WSi 2 ), iron borides (FeB, Fe 2 B) and also galvanic Cr were employed in the present study. Ceramic coatings in the form of a single layer and those consisting of several layers were obtained by techniques of chemical vapour deposition (CVD), physical vapour deposition (PVD), and diffusion saturation method (DSM). Typical experimental conditions of coating application are listed in Table I .
The coating structure was examined by X-ray diffraction (XRD), optical microscopy, and scanning electron microscopy (SEM). Dimensions of the short and long axes of a grain, D min and D max , arranged in parallel and perpendicular to the coating interface were used to define grain morphology (size and shape).
Tests with a standard Vickers pyramid were performed while indenting the crosssection of coatings. A rigidly fixed orientation of indentation arranged by the diagonals orthogonal to the coating interface was applied to avoid the effect of the residual stress acting in the coating on measurement results. The coatings were tested under indentation loads ranging from 0.2 N to 3.0 N. The final results were averaged over the data determined by measuring no less than 10 indentations under the each indentation load.
Elastic deformation, ε e , and plasticity characteristic δ H , were determined using proper equations (1), (3), (4), (8) suggested by two theoretical models, i.e. either the original simplified model [10] or the modified one [13] .
Values of Young's modulus and Poisson's ratio relevant to coating materials were adopted from a handbook [34] . In particular cases the values of Young's modulus for coatings were determined by depth sensing tests using the nanoindentation technique. Nanoindentation experiments were performed using a Nano Indenter II R tester. The continuously recorded load versus indenter displacement provided a coating material's response to deformation. Then, load -displacement curves were used for calculation of Young's modulus according to a proper method published in literature [6, 8, 15 ].
Results

Composition and structure of coatings
Coating layers with different grain morphology were pointed out and classified. Fig.1 shows a typical morphology of grains observed in coatings. Some coating layers consisted of globular grains (typical for layers of TiC, ZrC, VC) and others of somewhat elongated polyhedral crystallites (typical for layer of VC). Coatings of fibred grains (typical for layers of TiN, NbSi 2 , TaSi 2 , WSi 2 ) and those of columnar crystals (typical for layers of Cr 7 C 3 , FeB, Fe 2 B) were pointed out additionally.
Furthermore, several groups of coatings were classified in respect to grain size. Among them there was the group of fine-grained coatings with the dimensions for both axes of grains of about ≤ 5 µm (typical for carbide layers). Another group unites coarse-grained coatings consisting of crystallites for which the dimensions for both axes are found in the order of magnitude as great as Table 1 and nano-scaled grains (typical for layers of TiC, ZrC, TiN, VC) for which the dimension of one grain axis at least was found to be smaller than 1 µm. Table II shows the composition and structural parameters of representative coatings listed in Table I . * -composition is appointed in the direction from the specimen surface to the substrate; ** -the phase is presented in the form of single crystals.
Effect of the scale factor on microhardness and the plasticity characteristic δ H
Microhardness measurement results were found to depend on the scale factor when indentation experiments were performed using small loads. While testing high hardness coatings a size dependence of an increasingly pronounced nature was found similar to that shown previously for covalent crystals and ceramics [7, 9, 17] . Apparently, the size dependence of the plasticity characteristic δ H on indentation load was found since the hardness value was included in the right side of Eqs. (3), (4), and (8).
Typical plots of coating Vickers hardness, HV, and plasticity characteristic δ H vs. indentation load are shown in Fig. 2 . It can be seen that the hardness number decreases with increasing indentation load, resulting in an increase of the plasticity characteristic δ H . As the indentation load further increases to values higher than critical load P c , the values of parameters HV and δ H tend to be almost stabilised. It is possible that a weak decrease of hardness numbers occurs in fact when the indentation load increases up to high values [7, 9] . However, these changes are insignificant.
Indentation load marked by P c truncates the region in which the size dependence of parameters HV and δ H is essential. It is notable that the intensity of the increase of hardness Some ideas on the physical nature of this phenomenon will be given later. However, one important aspect related to the specific feature of the test method procedure for high hardness ceramic coatings could be mentioned here. 
Comparison of the results determined by simplified and modified theoretical models
A comparison between values of the plasticity characteristic, δ H , determined by both theoretical approaches [10, 13] is important for understanding the limits of their applicability depending on the mechanical behaviour of coatings.
Data summarising values of elastic deformation, ε e , and the plasticity characteristic δ H , which were calculated according to both theoretical models [10, 13] using Eqs. (4) or (1), (3), (8) , are given for some representative coatings in Table III . The experimental values of Vickers hardness, HV, determined under load condition P ≥ P c as well as Young's modulus and Poisson's ratio, which were used in the calculation procedure, are also listed in Table III . Notes: * -this parameter was calculated according to the simplified model [10] by Eq. (4); ** -this parameter was calculated according to the modified model [13] by Eqs. (1), (3), (8); *** -Young's modulus was determined experimentally by the nanoindentation technique; **** -coating was alloyed strongly by chromium. Fig. 3 shows values of the plasticity characteristic δ H determined for a number of different coatings. It can be seen that both models are quite similar when the elastic
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35 ___________________________________________________________________________ deformation of coatings was small ε e < 3.5% and, so, their plasticity characteristic was great δ H > 0.5. When the elastic deformation further increased, resulting in δ H < 0.5, the opposite is true, i.e. the modified approach [13] gives δ H values greater than those determined by the simplified model [10] . It is notable that the transition point plotted in Fig. 3 at ε e = 3.5% corresponds to the relation HV/E ≈ 0.05, which seems to be of engineering interest since it gives the guideline for calculating the δ H characteristic using an adequate model. It can be assumed that for HV/E < 0.05 the simplified model [10] is reasonably adequate for determining values of the plasticity characteristic δ H for coatings similar to those given by the modified approach [13] . However, for HV/E > 0.05 use of the modified model [13] is preferable compared to the simplified one [10] .
Discussion
Physical nature of the effect of the scale factor on measurement results
It was demonstrated previously that the Meier equation could be used for describing the effect of the scale factor on microhardness measurement results [6, 9] : 
So, taking into account Eqs. (9) and (10) It could be seen from Eq. (11) that the similarity law is satisfied if n=2. But, default of the similarity law takes place when the power index n becomes smaller than 2 and is dependent on the material's nature [6, 9] .
Analogously with the method published originally in [6, 9] the power index n was determined experimentally in tests with coatings examined in the present study. In agreement with the data obtained originally for single crystals and bulk polycrystalline materials [7, 9] the results determined for coatings indicate that the power index n in Meier's equation (9) becomes actually less than 2 and it decreases proportionally as the value of the HV/E ratio increases, as shown in Fig. 4 . Fig. 4 Correlation of the power index n in Meier's equation (9) vs. ratio of Vickers hardness to Young's modulus, HV/E, (A) for coatings of different compositions as well as (B) for single crystals * and bulk polycrystalline material ** such as (1) Cu * , (2) W * , (3) ZrN ** , (4) NbC * , (5) ZrC * , (6) Al 2 O 3 * , (7) Ge * , (8) SiC * , (9) Si * , (10) C * (diamond). Coating compositions are marked by symbols and shown on the plot. The data for single crystals and bulk polycrystalline material are adopted using data published in [7, 9] .
That is why the intensity of the increase of the hardness number determined in the region P ≤ P c increases as the power index n decreases, as seen in Fig.2 . It is notable that for the same HV/E ratio the value of the power index n in Meier's equation (9) found for coatings is greater than that indicated for single crystals and bulk materials [9] . The reason for this could be attributed to strain hardening caused by the small grain size of coatings. Therefore, the dependence HM(P), which was determined for coatings employed in the present study, is more week compared to that recorded for single crystals and bulk materials. Unfortunately, no good correlation is observed if the data related to critical load P c is plotted as a function of the HV/E ratio. Two different lines form, which indicate only that for fine-grained coatings (typically for TiN-coating and also for carbide coatings) the critical load P c has quite low values ranging from 0.5 to 0.7 N whereas for course-grained coatings somewhat higher values varying between 1.2 and 1.4 N are obtained. It was pointed out previously that the size dependence of microhardness measurement results on indentation load occurs because plastic deformation ε p decreases essentially with the decreasing indentation load in the region of very small values [9] . From the physical standpoint it was suggested that contribution of the ε p component was ensured by the indentation size resulting in a certain volume of the deformed material, allowing easy plasticity deformation [9] . The experimental results indicate that the critical load condition could be attributed to coating grain structure rather than to its composition. Correlation appears by plotting hardness numbers vs. the ratio of the indentation depth to dimension of grain short axis, h/D min , as shown in Fig. 5 . It could be seen that critical load P c is achieved only if the indentation depth increases to h > 1.5D min . Under conditions h > 1.5D min , which occurred under loads P ≥ P c , the length of dislocation slip planes was assumed to be controlled by grain size and, if so, hardness and, as a result, the plasticity characteristic δ H become almost independent on the indentation load, as shown in Fig. 5a . In a particular case referring to coarse-grained coatings for which h < D min (typical for coatings made of Fe 2 B, WSi 2 ) dislocation movement cannot be blocked essentially by grain boundaries similar to that observed for single crystals. Under this condition an average extension of dislocation slipping increases continuously with increasing of the indentation load. Therefore, as shown in Fig. 5b for coarse-grained coatings (typically for Fe 2 B, WSi 2 ) the hardness number was found to decrease weekly as the indentation load increases even in the region of over critical loads P ≥ P c similar to that found previously for single crystals and bulk materials [7] .
Thus, the results demonstrate that specific features of size dependence are defined both by the crystal nature of the coating material and by its grain structure.
Plasticity characteristic δ H of coatings
Carbide coatings based on metals of group IV-A (Ti and Zr) have the smallest values of plasticity characteristic δ H , as shown in Table III coating the value of plasticity characteristic δ H determined for NbSi 2 -coating is somewhat smaller although the opposite is true for WSi 2 -coating. Among the coatings investigated in the present study metallic coating made of galvanic chromium has the greatest value of plasticity characteristic, δ H ≈ 0.74. Generally, with the growth of δ H characteristic coating materials could be ordered in the following manner: carbides based on metals of group IV-A, iron borides, carbides based on metals of groups' V-A and VI-A, titanium nitride, silicides of refractory metals, galvanic chromium.
Conclusions
Effective application of modern theoretical approaches for determining the plasticity characteristic δ H of coatings by the indentation technique was tested experimentally.
(1) Allowing for small thickness of coatings, which are usually affected by residual stress, specific test method procedures were developed. In order to avoid inaccuracies, which can occur due to the influence of the scale factor, a comparison of different coatings was proposed, using values of the plasticity characteristic δ H determined under loads higher than critical, P ≥ P c , ensuring almost stable values of hardness.
(2) Critical load P c , which provides stable values of hardness for fine-grained coatings, is achieved when dimensions of the indentation depth, h, was ensured by the relation h/D min > 1.5 (where D min is the short axis of the grain). In a particular case of coarse-grained coatings for which h < D min the hardness number was found to decrease weekly as the ___________________________________________________________________________ indentation load increases even in the region of over critical loads P ≥ P c similar to that found previously for single crystals and bulk materials.
(3) Meier's relation n d const P × = for which n < 2 was shown to be satisfied for coatings similar to those found for single crystals and bulk materials. However, the value of power index n for coatings is greater compared to that indicated for single crystals and bulk materials. That is why deviation from the similarity law for which n=2 is more week for coatings than that found for single crystals and bulk materials (4) The plasticity characteristic δ H determined by the simplified model and by the modified one was found to be of a quite similar value when elastic deformation does not exceed the value of ε e ≈ 3.5%, resulting in the plasticity characteristic δ H > 0.5. If only the elastic deformation becomes greater than ε e ≈ 3.5%, corresponding to HV/E ratio > 0.05, the modified model was found to be preferable.
(5) It was found that with the growth of δ H coatings could be ordered in the following manner: carbides based on metals of group IV-A, iron borides, carbides based on metals of groups V-A and VI-A, titanium nitride TiN, silicides, galvanic chromium.
